1. Deoxyribonucleoprotein was prepared from rat thymus and was studied chiefly by the method of electric birefringence. The birefringence depends on the electrical and optical properties of the molecules and on their volume; the decay time of birefringence (after the removal of the electric field) depends on molecular length. 2. A comparison was made of the properties of deoxyribonucleoprotein redissolved after precipitation in 0 15M-sodium chloride with those of the original material, the main object being to find if structural changes have occurred in the former. As a preliminary, the dependence of the solubility of the deoxyribonucleoprotein on the concentration of added salt was investigated, and the birefringence properties were also studied after the addition of sodium chloride at low concentrations, after the alteration of pH and after dialysis. 3. It was found that precipitation of deoxyribonucleoprotein occurs in two fractions, beginning at about 0-4mM-sodium chloride. The solubility is minimal at about 0-15M-sodium chloride. 4. The electric birefringence and decay time of the deoxyribonucleoprotein decrease with increasing concentration of added sodium chloride, and the birefringence also decreases after dialysis. Prolonged dialysis leads to precipitation. 5. The properties of deoxyribonucleoprotein redissolved after precipitation with 0-15M-sodium chloride differ considerably from those of the original deoxyribonucleoprotein. This is attributed to some type of disorganization process occurring during precipitation. It is concluded that the organization of the original structure is very specific.
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Studies have been made in this Laboratory on dNPt gels and their dilutions, chiefly by the method of electric birefringence (Itzhaki, 1962 (Itzhaki, , 1966a . This method gives information about the optical and electrical properties of the molecules and their length. Centrifugation of the diluted gels was found to produce a gel phase and a non-gelatinous solution phase, showing that the dNP was incompletely dispersed. However, the birefringence measurements indicated that the units oriented in the electric field were of the same range of lengths at all dNP concentrations and in both gel and solution phase, i.e. they were independent of the state of dispersal of the dNP. It was therefore suggested that, on dilution, the dNP gels broke into clusters of variable size containing associated particles, the extent of association probably depending on concentration. In the electric field the clusters were more or less broken so that the individual particles were oriented. The structure of the individual particle was * Present address: Paterson Laboratories, Christie Hospital and Holt Radium Institute, Manchester, 20. t Abbreviation: dNP, deoxyribonucleoprotein.
tentatively suggested to be a lateral aggregate of single dNP molecules, dissociating to a limited extent on dilution. The satisfactory reproducibility of the results and the stability of the material have been described (Itzhaki, 1966a) . dNP is known to be insoluble in 0-15M-sodium chloride. It was thought that precipitation of dilutions of dNP gels by added salt solution would therefore be a way of purifying and of storing the material, since storage by freezing and freezedrying has proved unsatisfactory (Itzhaki, 1966a) . Purification was of interest because the preparation procedure, though carried out under strictly controlled conditions, was intentionally very simple and mild, the original aim being to prepare material retaining a 'native' structure. Indeed, it was found later that the properties of the dNP depended markedly on conditions of preparation (Itzhaki, 1966c) . The present paper describes the properties of reprecipitated dNP. As a preliminary, it was necessary to study the variation of the solubility of the dNP with concentration of added salt, and R. F. ITZHAKI to find the effects on the birefringence properties of varying the salt concentration and pH and of dialysis.
Solutions of reprecipitated dNP were, in fact, less stable than the original material, and the structure was apparently irreversibly altered. Some but not all of the properties resembled those of dNP after the addition of enzymes, and it is suggested that a gross disorganization process, possibly involving lateral disaggregation into intact sub-units, occurs when the dNP is precipitated with 0 15M-sodium chloride.
MATERIALS AND METHODS
dNP preparation. dNP was prepared from rat thymus as described previously (Itzhaki, 1966a,c (Dische, 1955) . RNA was estimated by the Schmidt & Thannhauser (1945) method. Protein was estimated by a micro-biuret method (Itzhaki & Gill, 1964 (Itzhaki, 1966a) .
Electric birefringence. In this method, birefringence is induced in a solution through orientation of solute mole. cules in an electric field. Details ofthe method and apparatus have been given elsewhere (Itzhaki, 1966a,c) .
In brief, the birefringence (An) at a given field strength (E) depends in a complex way (Tinoco, 1955) on the volumefraction of the molecules, on their dipole moment and on their optical and electrical polarizability. Thus a decrease in birefringence of a given system reflects a decrease in molecular size or charge.
On removal of the electric field, the molecules disorient through Brownian motion and the birefringence decays exponentially. For ellipsoidal molecules, the relaxation time, T, is related to the molecular length, 2a, thus:
where 2b is the length of the equatorial axis, 7' the solvent viscosity, T' the absolute temperature and k the Boltzmann constant. Thus T depends strongly on molecular length but only slightly on axial ratio.
Graphs The birefringence decay curves were fitted approximately by the sum of two exponentially decaying terms of decay times T1 andT2 (whereT2 > 20TJusually). These times were measured by a simple analogue method, the accuracy being within about + 17% for T2 and + 30% for T1 (Itzhaki, 1966a) . RESULTS
Except for dialysed reprecipitated samples, the nucleoprotein preparations usually contained 36-39% nucleic acids. The Na+ concentration was 0-1-0-18mM (after correction for the Na+ in solution B) in dNP solutions of 0.01% DNA, and the Ca2+ concentration was 13-25,uM.
Precipitation by sodium chloride, calcium chloride and magnesium chloride. Solutions of sodium chloride were added to dNP solutions to give final concentrations of 0ImM-1-OM. The mixtures were kept at 00 and, after centrifugation at 3000g for 15min., the E260 values of the supernatants were measured.
On addition of sodium chloride to give final concentrations between about 0-5mm and 3mM, there was no visible precipitation, but gelatinous sediments were obtained on centrifuging; between 3mM and 30mM, gelatinous suspensions formed slowly. To find if there was a time effect, the E260 values of supernatants obtained from samples kept for 4hr. and 21hr. in lmM-and in 10mM-sodium chloride before centrifugation were compared; at each concentration, the values for the two times were almost identical, showing that the action was complete within 4hr. At final sodium chloride concentrations above about 30mM, fibrous precipitates formed, the action being complete within 30min.
742 1967 Fig. 1 shows a composite graph of tb of the total DNA in the soluble fra( sodium chloride concentration for d cipitation times (30min.-21 hr.) and d concentrations (0-007-0-015% DNA). insolubility is at about 0 4-0 5mm-sod
The results of Fig. 1 ie percentage final concentrations of 0 24-0 8 mM-sodium chloride, ution against caused a progressive decrease in birefringence and, lifferent pre-at the higher salt concentrations, a decrease also in lifferent dNP decay time and in gelatinousness. Table 1 shows the The onset of changes in birefringence properties. The changes ium chloride. were not due to a pH effect, the dNP-sodium ose of 0th & chloride mixtures being at pH6-6-6-8 and the ibility of calf original dNP solutions at pH 6.7-6.9. Lution. They O'Konski (1960) suggested that DNA is oriented precipitation in an electric field through polarization of its ion maximum at atmosphere, and has shown that addition of salt to Er, only about such a system would decrease the birefringence. If the first stage dNP is oriented, at least in part, through a similar ), whereas in mechanism, this would explain the above changes )-70% of the in An. The decrease in T2 reflects, presumably, a contraction or a decrease in hydration of the dNP I magnesium particle, due to the salt.
1 mM caused Measurements were made also at lower ionic uspensions in strength by diluting dNP gels with distilled water.
Values of birefringence were usually 90-110% of 3rties on 8alt values for dilutions in solution B ( Table 4 . Changes in the properties of dNP after precipitation in 0. 15M-8odium chloride In this experiment, two samples of dNP solution were precipitated separately in 015M-NaCl; one of these was to be used for analyses and so was redissolved to give a solution of relatively high dNP concentration. Sample P1 was prepared by mixing 22-5ml. of dNP solution with 2-5ml. of 1 5M-NaCl, and sample P2 by mixing 9ml. of dNP solution with 1 ml. of 1 5M-NaCl. Both mixtures were kept at 40 for 5hr. and were then centrifuged at about lOOOg for 20min. The supernatants, which contained less than 4% of the 260m,-absorbing material, were removed and the precipitates were drained well. The precipitate of sample P1 was dissolved in 22 ml. of doubledistilled water. Birefringence change8. Birefringence properties were measured in samples that had not precipitated and values of An and of T were found to be considerably lower than those of control dNP. However, it was found later that dialysis of control dNP caused similar changes (see under 'Dialysis of dNP solutions'), although the relative decrease in birefringence properties was smaller than that of the reprecipitated dNP and formation of suspensions was less rapid. Subsequent studies were therefore made on undialysed material.
Birefringence measurements showed that values of An and of T were lower in the reprecipitated undialysed dNP than in the control dNP at the same concentration. The changes varied greatly in different experiments, An decreasing to between 25% and 90% of the original value and T2 to between 10% and 65%. Table 4 gives an example. The higher values of An (80-90%) were usually associated with low values of T2 (20-30%). Attempts were made to find the cause of this variability by altering the following conditions during reprecipitation, but in no case was a correlation found: (1) length of time the dNP was kept in 0-15M-sodium chloride (30min.-22hr.); (2) initial concentration of dNP solution (0.008-0.032% DNA); (3) final concentration of reprecipitated dNP solution; (4) initial salt concentration (in several experiments the original dNP was precipitated by mixing with an equal volume of 0-30M-sodium chloride); (5) extent of stirring on mixing the salt and dNP solutions; (6) use of distilled or doubledistilled water to dissolve the purified dNP; (7) rate of addition of sodium chloride. Concn. of Na+ (mM) Vol. 105 745
During the application of the voltage pulses to reprecipitated dNP solutions, a suspension formed between the electrodes and the light transmitted decreased to 50-90% of the initial value. Occasionally therefore values of An could be calculated only for the initial signals, before precipitation became appreciable. With control dNP, including dialysed samples, the final light transmission was usually 96-100% of the initial value, and 90-100% with dNP plus added sodium chloride.
Recovery of DNA and protein. The recovery of DNA in the reprecipitated undialysed dNP was usually 96-99%, and the recovery ofprotein usually 80-90% (DNA/dNP ratio being 0-39-0-42, and for the original material 0.37-0.38). When the redissolved material was dialysed, the recovery of protein was only 73-75%, although the DNA recovery was 90-100% (DNA/dNP ratio being 0.44-0.49), i.e. there was a greater loss of protein than of DNA during precipitation and dialysis.
Solubility. In studies on the effects of added enzymes on dNP (Itzhaki, 1966b) , the changes in solubility in 0-67N-perchloric acid and in 0-15M-sodium chloride were followed as a simple and rapid assay of enzyme action. Since some of the changes in reprecipitated dNP resembled those due to added enzymes, the solubility properties of the reprecipitated dNP were measured for further comparison. However, it was found that the values were similar to those for control dNP (see Table 4 ), although the latter formed fibrous suspensions in 0*15M-sodium chloride and in 0 67N-perchloric acid, whereas suspensions formed by reprecipitated dNP were thin and non-fibrous.
Also, in samples prepared for metal analyses by heating in perchloric acid, those with reprecipitated dNP were almost clear, whereas with control dNP thin suspensions were present.
Salt content and pH. The Ca2+ content of the reprecipitated dNP was 40-80% of that of the original control dNP; the Na+ content was about two-to five-fold higher than that of the original control dNP. Addition of sodium chloride to reprecipitated dNP (the salt concentration being increased from 0-38mM to 0.46mM) caused no change in An, but decreased T2 further, from 38% to 20% of the control (a much greater change than would be expected with control dNP). Also, after addition of the salt the reprecipitated dNP was even more unstable in the electric field. Reprecipitated-dNP solutions were found to be at pH 6-3-6-5.
To find the effect ofsimultaneously decreasing the pH and increasing the salt content, the birefringence properties of samples of control dNP were measured after addition of hydrochloric acid and sodium chloride, in one experiment to concentrations of 75 N and 0-8mM respectively, pH5*7, and in the other to 10uN and 0-8mM respectively, pH6.38.
The first mixture resembled reprecipitated dNP in its appearance, and also was so unstable in the electric field that An could not be measured. T2, measured from an initial pulse, was found to be 63% of the control. In the second sample, the instability was much less marked; values of T2 and Anwere 72 % and 50 % ofcontrol values respectively.
Precipitation in 015M-8odium chloride at pH 7-4. dNP was precipitated also by addition of 01 vol. of 1-5M-sodium chloride-50mM-phosphate buffer, pH 7-4 (thus giving a suspension of dN-P in solution A). The products were clearer and more gelatinous than those obtained by precipitation in unbuffered sodium chloride and changes in birefringence properties were usually less, though still variable, An decreasing to 68-83% of the control value usually, and T to 38-72%. Also, there was less precipitation on application of the electric field. Again protein was lost, the ratio DNA/dNP being 0 40-0-43, and for controls 0-38. dNP gelt. dNP was reprecipitated from the gel state, an equal volume of 0.3% sodium chloride being added to ensure adequate mixing. The products resembled control dNP in their appearance and in their stability in the electric field, but values of birefringence and decay time were lower, the former decreasing to 60-90% and the latter to 50-80%. However, these changes, and also the loss of protein, were less than those in dNP reprecipitated from solution.
DISCUSSION
The general decrease in birefringence and decay time of dNP after reprecipitation suggests that a decrease in particle size has occurred (although, as discussed above, this and the observed decrease in gelatinousness are not necessarily related). There are four possible causes: enzymic action, increased salt content, decreased pH or a disaggregation process.
Compari8on of reprecipitated dNP with enzymetreated dNP. Addition of deoxyribonuclease and proteolytic enzymes to dNP causes degradation of their respective substrates, and the dNP-enzyme mixtures resemble reprecipitated dNP in their appearance and in the type of precipitate formed on addition of perchloric acid or of 0 15M-sodium chloride (Itzhaki, 1966b) .
Degradation could occur during reprecipitation if enzymes were present as impurities from the preparation and if their action were more rapid on suspended dNP than on dNP in solution. dNP does show an aging effect in solution that may be due to enzyme impurities (Itzhaki, 1966a,b) , and a more rapid action on suspended dNP could occur if, as suggested by Shooter, Davison & Butler (1954) (Itzhaki, 1966b) (Itzhaki, 1966b) Compari8on of reprecipitated dNP and dNP at lower pH. Table 3 shows that even at pH 6-0 T2 for control dNP decreased only to 72%, so the lower pH of reprecipitated dNP solutions cannot be the sole cause of their change in properties. Also, dNP precipitated in solution A was obtained at pH 6.7-6-8, yet it differed considerably from controls. However, the effects of simultaneously decreasing the pH and increasing the salt content of control dNP show that these factors when combined may account for the instability, though not for the greater decrease in T, on reprecipitation of dNP.
Di8aggregation of dNP on reprecipitation. Longitudinal disaggregation of dNP in 0 15M-sodium chloride is unlikely; covalent links would not be broken and, anyway, the dNP is not linked longitudinally (Itzhaki, 1966b) by say protein or metal ions (except possibly at loop-points, so that the overall particle length is unaffected). Also, the great variation in values of T (expressed as a percentage of the original) for reprecipitated dNP in different experiments suggests that any longitudinal links dissociable in 015M-sodium chloride must be both numerous and broken at random, which seems improbable. Conversely, the constancy of values for T for control dNP (Itzhaki, 1966a) indicates that the unit oriented in the electric field is not a random longitudinal aggregate linked by secondary bonds.
If, however, the dNP has the lateral aggregate structure previously described (Itzhaki, 1966a) , a decrease in An, without accompanying changes in solubility properties, could result from extensive lateral disaggregation into intact sub-units, i.e. single dNP molecules. Lateral disaggregation would decrease T also to some extent. For example, a change in axial ratio from 10: 1 to 100: 1 at constant molecular length would decrease T to about 50%.
Possibly the cementing material between sub-units is protein; some protein is in fact solubilized in 0*15M-sodium chloride, though the loss is rather small. Loss of Ca2+ is unlikely to be the cause, as studies on control dNP with added EDTA suggest that metal ions are not important structurally within the dNP particles (Itzhaki, 1966b) .
A further decrease in T could be due to contraction of the dNP sub-unit because of the relatively high salt content, the action of added sodium chloride indicating a greater sensitivity than that of the original aggregate to this factor.
The decay time depends only on molecular size, but the birefringence depends on size and charge.
Thus the occasional high value of An combined with a low value of T suggests that the particle size may have decreased and the charge simultaneously increased during purification. If part of the DNA were revealed by displacement or removal of a small amount of protein, the particle charge and thence An would increase. The variability of the values of An and T would then be due to a variable extent of removal of protein (and therefore of disaggregation and of exposure of DNA) and to a variable salt content and pH.
A similar process of lateral disaggregation has been suggested to occur when dNP ages, and also when proteolytic enzymes are added to dNP; in the latter case this would be before damage to the protein of each sub-unit and subsequent release of DNA (Itzhaki, 1966b) . Disaggregation in 0.15M-sodium chloride would then explain the more rapid action of added trypsin on dNP in suspension in 0-15M-sodium chloride than in solution (Itzhaki, 1966b) . Also, displacement (as opposed to removal) of some protein in 0-15M-sodium chloride might account for subsequent loss of protein on dialysis of purified dNP. Vol. 105 747
